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Abstract 
Two-dimensional photonic structures for advanced light trapping in thin film crystalline silicon solar cells are 
mainly studied from the optical point of view. However, the nanopatterning process can induce etching damage that 
can reduce the minority carrier lifetime and the cell performance. Time-resolved photoluminescence is used to 
evaluate the effect of photonic structures on the effective lifetime of nanopatterned silicon epi-layers. Two excitation 
wavelengths are used to evaluate separately the quality of the bulk and the patterned surface of the epi-layers. The 
measurements are discussed in connection with the carrier generation maps calculated with Finite-Difference Time 
Domain simulations. 
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1. Introduction 
Si thin-films are promising candidates to obtain high efficiency solar cells [1]. This technology still requires 
important improvements particularly concerning the reduction of the surface losses and the optimization of light 
trapping. In the literature, many papers report on the use of photonic structures to improve the light absorption of 
thin-films [2-7]. Because photonic structures modify the electromagnetic field distribution in the sample, the 
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photogenerated carrier distribution is modified and an enhanced photogeneration in higher recombination areas may 
occur. Therefore, the effective lifetime is a crucial parameter to obtain solar cells with a high conversion ratio. 
Photonic structures are made by thin-film nanopatterning processes which can induce damage to the patterned walls 
or a reduction in passivation. A few papers have reported on the characterization of  the effective lifetime of 
photonic-textured Si bulk substrates or Si epi-foils by quasi-steady state photoconductance and calibrated 
photoluminescence imaging [8-9]. Asymmetrical samples as thin-films deposited on a substrate limit the use of 
standard lifetime characterization techniques, like QSSPC (quasi-steady state photoconductance), which are mainly 
affected by the bulk substrate. Time-resolved photoluminescence (TRPL) can be used on a wider variety of samples 
for a non-destructive control during the critical steps of solar cells fabrication. We have already reported a method to 
extract the injection dependent effective lifetime on passivated Si substrates and Si thin-films by TRPL from the 
exponential signal decay [10-11]. In this work, we investigate the ability to apply TRPL to nanopatterned Si epi-
layers. This method is particularly challenging because the excitation and the PL emission are affected by the 
nanopatterning. FDTD simulations are carried out in order to evaluate the photogenerated carrier distribution of 
patterned samples and explain experimental results. 
2. Experimental details 
2.1. Sample preparation 
The samples are n-type Si epitaxial layers with very low doping levels (between 5x1013 and 2x1014 cm-3) and two 
thicknesses (28 and 75 µm). The epitaxial layers are grown on highly doped n+-type Si substrates with resistivity ρ 
in the range 0.001-0.005 Ω.cm and thickness around 500 μm. The huge difference in doping levels of the epi-layer 
and of the substrate is chosen to provide a good field-effect passivation at the epi-layer – substrate interface. 
Moreover, due to a high doping level in the substrate, Auger recombination occurs in this area and most of the 
excess carrier density (Δp) is located in the epitaxial layer. Consequently, the PL signal is assumed to be mainly due 
to the epitaxial layer as commonly acknowledged in such structures [12]. 
 
Photonic structures are etched on the front surface of Si epitaxial layers (Fig. 1). For that purpose, a 100 nm-
thick SiO2 layer is deposited on the epi-layer and will be used as a hard mask for the etching step [4]. Holographic 
lithography is carried out with a UV laser (at 266 nm) and a negative photoresist. The laser beam is expanded and 
spatially filtered through a pinhole to generate a coherent beam which illuminates the sample and a mirror in a 
Lloyd’s mirror configuration (Fig. 2). Two-dimensional arrays are made by a second exposure of the photoresist 
after the sample is rotated by 90°. After the resist development, a first RIE (Reactive Ion Etching) with CHF3 and Ar 
gas is performed to etch the SiO2 layer through the resist mask. Then, a second RIE (with a combination of SF6, O2 
and CHF3 gas) is applied. This process is independent of the crystal orientation and produces cylindrical holes with 
U-shapes profiles. SEM observations of the top view and the cross-section of the nanopatterned epi-layers are 
shown on Fig. 3. The period of the structure is about 650 nm and the mean holes diameter is about 160 nm for the 
thinner epi-layer and 320 nm for the thickest one, which corresponds respectively to fill factors of 5% and 20%. 
Finally, the samples are passivated on the front side with a 15 nm-thick Al2O3 layer deposited by ALD (Atomic 
Layer Deposition). On Fig. 3b, we can observe that the Al2O3 deposition (the thin bright layer at the surface) is 
conformal on these structures. For comparison, epi-layers on substrates with the same characteristics were kept 
without patterning. 
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Fig. 1. Illustration of the nanopatterned samples. 
 
 
Fig. 2. Principle of Lloyd’s mirror holographic lithography. 
 
    
Fig. 3. SEM observations: (a) top view of the 75µm-thick nanopatterned epi-layer, (b) cross-section of the 28µm-thick 
nanopatterned epi-layer. 
2.1. Sample characterization 
TRPL measurements are performed at room temperature. The excitation signal is provided by a laser diode with 
periodic square-wave modulation intensity (period ~ 400 µs) and a TE polarization. Two laser diodes provide 
different excitation wavelengths: 404 and 869 nm. The penetration depth of the laser diodes in silicon was around 25 
µm and 0.1 µm respectively. The rise and fall times of the laser signal are smaller than 1.5 ns. The PL emission 
corresponding to the band-to-band recombination maximum in silicon (around 1140 nm) is collected and filtered 
through a monochromator. The PL signal is detected with a single photon counting system (SPD_A_M1 from Aurea 
Technology) designed with dedicated electronics to measure long lifetimes in the range of 1 µs to 10 ms. The 
detector is a cooled InGaAs-based single photon avalanche diode. The incident angle of the excitation is about 45° 
and the PL collection is performed over a solid angle of about 0.5 sr in the specular reflection direction. 
 
Reflectance measurements are carried out for the TRPL experimental conditions (incident angle of 45°) using an 
integration sphere. 
 
3. Results 
3.1. Reflectivity 
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In order to calibrate the TRPL measurements, the reflectance coefficient is required for the two excitation 
wavelengths. Fig. 4 shows a comparison of the reflectance measurements between the patterned and flat both on the 
75 µm-thick epi-layer coated with a 15 nm Al2O3 layer. The reflectance coefficients calculated at 404 nm and 869 
nm excitation wavelengths from the FDTD simulations are also presented. We observe a small down-shift (less than 
10%) of the reflectance in the wavelength range of 300 to 950 nm. The small antireflective effect obtained for the 
specific experimental condition (45° incident angle) could be enhanced by increasing the patterning depth or fill 
factor. We observe quite a good agreement between the measurement and the simulation at short wavelength (404 
nm). The discrepancy at long wavelength, 869 nm, might be attributed to small variations of the holes diameter. 
 
Fig. 4. Reflectance measurements at 45° of the patterned and flat samples compared to the reflectance coefficient obtained from 
FDTD simulations. 
 
3.2. Time-resolved photoluminescence measurements 
Fig. 5 shows the comparison between typical TRPL measurements of the flat and the patterned 28 µm-thick epi-
layers for the excitation wavelength at 869 nm (a) and at 404 nm (b). When the laser is switched on, the PL intensity 
increases until reaching a steady state condition. Then, when the laser is switched off, the PL intensity decreases 
according to an exponential law. We observe that the patterning seems to affect only slightly the PL decay which is 
directly linked to the effective lifetime. However, the analysis of the effective lifetime is not straightforward due to 
its injection level dependence. Fig. 5 compares the measurements performed on patterned and flat samples for the 
same experimental conditions (same laser power Plaser), but not for the same injection level conditions (due to the 
influence of the patterning on the reflectance and on the absorption of the epi-layer). In the following, the injection 
dependent effective lifetime will be evaluated to compare the effective lifetime at a same injection level. 
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Fig. 5. Comparison of the TRPL measurements of the patterned and flat 28µm-thick epilayers for the excitation at 869 nm (a) and 
at 404 nm (b). 
 
4. Extraction of the injection dependent effective lifetime and discussion 
4.1. Method for the case of flat samples 
 
The effective lifetime extraction method from TRPL measurements mainly consists of using two equations as 
detailed in [10-11].The first one is the expression of the PL intensity (IPL) assuming that the excess carrier density 
(Δp for the case of an n-type sample) is uniformly distributed across the depth z of the epi-layer: 
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Nd is the doping level of the epi-layer. B takes into account the fraction of collected PL and the radiative 
recombination coefficient. 
The simplified continuity equation is the second equation that gives the temporal behaviour of the excess carrier 
density: 
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τeff is the effective lifetime which depends on the excess carrier density, the surface and bulk recombination 
lifetimes. G(z,t) is the time-dependent generation rate. In our experiment, when the laser is switched off, Goff=0 and 
when the laser is on, Gon can be written as: 
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where R is the reflectance, F is the incident photon flux, W is the thickness of the sample and α is the absorption 
coefficient.  
 
Finally, IPL is calibrated using Eq (1) and  Eq (2) under steady state conditions. From the PL decay, the injection 
dependent effective lifetime (τeff(Δp)) can be extracted from Eq(2) under transient conditions.  
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4.2. Particular case for photonic structures 
In the case of nanopatterned samples, the photonic structure affects the photogenerated carrier distribution. The 
carrier generation maps are evaluated from Finite-Difference Time Domain (FDTD) method using Lumerical 
software [13]. Each absorbed photon is assumed to be converted to one charge carrier in the epi-layer. Moreover, the 
depth of the simulated Si layer is considered to be infinite. Fig. 6 shows the photogenerated carrier maps of the 
patterned 28 µm-thick-epilayer calculated for the experimental conditions shown on Fig. 5. Similar maps are 
obtained for the 75 µm-thick epi-layer. As the Al2O3 layer is transparent for these wavelengths it does not appear in 
the cartography.  
 
 
Fig. 6. Carrier generation maps (in cm-3.s-1) of the patterned 28 µm-thick-epilayer calculated from FDTD simulations. The maps 
are shown for a cross-section performed in the parallel direction of the laser polarization over one photonic structure period. (a), 
(b): for the excitation at 404 nm respectively in linear and logarithmic scale. (c), (d): for the excitation at 869 nm calculated 
respectively for the first 2.5 µm and the first 20 µm of the epi-layer. 
For the excitation at 404 nm, the carrier generation is localized at the front surface (Fig. 6a) due to the high 
absorption coefficient of this wavelength in silicon. Despite the fact that the carrier generation is enhanced in some 
area of the pattern, we can assume from the logarithmic scale representation (Fig. 6b) that the carrier generation 
integrated over one period of the photonic crystal (X,Y axes) exhibits an exponential decay behaviour along the Z 
axis. 
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For the excitation at 869 nm, the patterning induces high absorption zones and an enhanced carrier generation in 
localized areas located a few microns below the surface of the epi-layer (Fig. 6c). Fig. 6d shows the calculation of 
the generation map for a deeper thickness (20 µm). The fringes indicated in the Z axis are due to the interferences 
between the various diffraction orders. This interference pattern is also slightly observed on the Fig. 6b. 
On Fig. 6d, the enhanced generation areas gradually fade away by going deeper in the epi-layer which allows us to 
assume that the carrier generation roughly follows an exponential decay law. Consequently, in a first approximation 
we can use Eq. (3) with the measured reflectance values for the two excitation wavelengths. 
Moreover, diffusion and recombination mechanisms occur and tend to produce a more uniform carrier distribution 
during the temporal modulation period. The carrier distribution can be assumed to be uniform during the PL decay.  
4.3. Application to measurements and discussion 
The injection-dependent effective lifetime is evaluated from TRPL measurements and the methods presented in 
sections 4.1 and 4.2 for flat and patterned samples. Fig. 7 presents the effect of the patterning on the injection-
dependent effective lifetime curves.  
Fig. 7. Comparison of the injection dependent effective lifetime of the patterned and flat samples for the two epi-layers 
thicknesses and the two excitation wavelengths. 
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First, we observe that for the PL excitation at 869 nm the effective lifetime is constant for 'p < 2x1016 cm-3 because 
it is governed by the high-injection condition of the SRH recombination mechanism (doping level of the epilayer ~ 
1014 cm-3). Then, for higher injection levels the effective lifetime decreases due to Auger recombination. The high-
injection SRH lifetime of the flat epi-layers is about 80 µs, and corresponds to a diffusion length of about 400 µm. 
For this experimental condition, the effective lifetime does not seem to be affected by the patterning process for the 
two epi-layer thicknesses. 
For the excitation at 404 nm, the measurements are more affected by the front surface that explains noisier results 
and a lower effective lifetime for the flat samples. In the case of the 75 µm-thick epi-layer, the patterning seems to 
induce a small down-shift of the effective lifetime. For the patterned sample, FDTD simulations have shown that the 
front surface sensitivity is enhanced. The reduction of the effective lifetime only for the excitation at 404 nm is 
evidence for a small degradation of the surface quality after patterning. If severe degradation of the front surface 
was present, it would affect the PL results at 869 nm. 
5. Conclusion 
This work reports on the effect of nanopatterning silicon epi-layers on the effective lifetime. Time-resolved 
photoluminescence (TRPL) measurements are used to evaluate the injection-dependent effective lifetime of these 
samples with two excitation wavelengths. Carrier generation maps calculated from FDTD simulations shows that 
the blue excitation (at 404 nm) enhances the sensitivity of the nanopatterned surface quality whereas the excitation 
at 869 nm is more sensitive to the bulk epi-layer. It appears that our patterning process has a small effect on the 
effective lifetime and is only observed for the blue excitation. 
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